Pseudomonas aeruginosa is an opportunistic pathogen which is frequently isolated from clinical specimens obtained from burns, surface wounds, the urinary tract, ear and eye infections, and the lungs of patients with cystic fibrosis. 1) P. aeruginosa secretes many extracellular proteins, and of these, several proteases including alkaline protease (AprA) and elastase (LasB) are known to play important roles in the pathogenesis of human infections caused by P. aeruginosa.
In response to iron deprivation, P. aeruginosa produces two unrelated siderophores, pyoverdin and pyochelin. Both of these siderophores promote the growth of P. aeruginosa when added to media containing transferrins as an iron source. Pyoverdin is considered to be the essential or more effective siderophore because of its higher iron-binding constant (pyoverdin 10  32 and pyochelin 10   5 ). Moreover, a pyochelin-deficient mutant was able to grow in human sera, whereas a pyoverdin-deficient mutant exhibited severely retarded growth, and the addition of pyoverdin was found to restore the retarded growth of pyoverdin-deficient mutants in media containing transferrins. [4] [5] [6] P. aeruginosa produces several extracellular proteases. Of these, AprA and LasB have been extensively studied. [7] [8] [9] These two proteases are produced more profoundly in irondeficient conditions than in iron-sufficient conditions, and are able to destroy transferrin, which is a major iron-withholding protein in human body fluids. Because of the high affinity of transferrin for iron, transferrin-bound iron is not freely-available for P. aeruginosa growth. Accordingly, the proteolytic cleavage of transferrin can allow free iron to be released from transferrin, and thus facilitate the pyoverdin-mediated iron-uptake and growth of P. aeruginosa.
However, this hypothesis still remains unresolved despite considerable efforts. Some researchers have reported that LasB facilitates pyoverdin-mediated iron-uptake via the proteolytic cleavage of transferrins, 3, 7) but others found that LasB had no effect on the iron-uptake from transferrins because no difference was observed between the growths of a LasB-deficient mutant and its wild type strain and LasB was produced after the onset of stationary growth phase in media containing transferrin as an iron source. 9) Similarly, Döring et al. 7) found that AprA had no effect on pyoverdin-mediated iron-uptake from transferrins, but Shigematsu et al. 8) more recently reported that AprA can facilitate siderophore-mediated iron-uptake via the proteolytic cleavage of transferrins.
Although Shigematsu et al. observed that the growth of an aprA-insertion mutant was suppressed in media containing transferrins versus the wild type strain, they did not directly observe whether the AprA produced during culture could destroy transferrins. 8) Rather, they exogenously added purified AprA to culture media in order to induce the proteolytic cleavage of transferrins at culture start. As the aprA-insertional mutation may also cause unexpected changes in the phenotypes of P. aeruginosa, the role of AprA should be verified in accordance with the molecular version of Koch's postulates. Moreover, the exogenous addition of purified AprA can not accurately simulate the AprA production occurring during batch culture.
Moreover, the proteolytic cleavage of transferrins alone can not prove that AprA facilitates siderophore-mediated iron-uptake from transferrins and promotes the growth of P. aeruginosa on transferrins. In order that AprA can facilitate siderophore-mediated iron-uptake via the cleavage of transferrins, first of all, sufficient AprA must be produced to destruct transferrins concomitantly with siderophore production during the exponential growth phase when P. aeruginosa is actively growing and consuming most iron in a medium. We previously reported that Vibro vulnificus metalloprotease VvpE had no direct effect on iron-acquisition from transferrins, because it was produced after the onset of the stationary growth phase, by which time V. vulnificus had already consumed most of the iron in medium for growth, although it was the sole protease capable of destroying transferrins. olytic cleavage of transferrins because the proteases were capable of destroying transferrins and were produced concomitantly with the production of siderophores during the exponential growth phase when the bacterium was actively growing and consuming iron in media. 12) Therefore, in order to determine whether P. aeruginosa AprA is involved in facilitating siderophore-mediated ironacquisition from human transferrins, we measured the growth of P. aeruginosa, siderophore and protease production, the acquisition of iron from transferrins, and the proteolytic cleavage of transferrins in an alkaline (pH 8.3) medium containing human transferrins and compared these on a time scale.
Pseudomonas aeruginosa

MATERIALS AND METHODS
Bacterial Strain, Media, and Reagents P. aeruginosa ATCC 15442 (KCCM 11321) strain used in this study was purchased from the Korean Culture Center for Microorganisms (http://www.kccm.or.kr). This strain produced fluorescent green pigment on Brain Heart Infusion (BHI; BD, Sparks, MD, U.S.A.) agar and exhibited a proteolytic zone on Skim milk agar (BD) (data not shown). We used a modified MM9 (mMM9) minimal medium [13] [14] [15] supplemented with 10 mM CaCl 2 and 50 mM MgCl 2 without further deferration, because the iron concentration of the medium was less than 1 mM. The pH of the medium was adjusted to 8.3. Human transferrins were purchased from Sigma (St. Louis, MO, U.S.A.). Apotransferrin (AP), partially iron-saturated transferrin (PT), and holotransferrin (HT) contain iron at less than 30, 300-600, and 1200-1600 mg per 1 g of protein, respectively. Unless otherwise noted, all reagents were obtained from Sigma.
Measurements of Bacterial Growth
The bacterium was cultured in BHI broth containing 100 mM dipyridyl overnight in order to adapt it to iron limited conditions. This preconditioned bacterium was then inoculated into mMM9 broth and mMM9 broth containing 0.5 mg/ml transferrins at 1ϫ10 6 colony-forming units (cfu)/ml, and cultured with vigorous shaking (220 rpm) at 37°C for 24 h. During culture, culture aliquots were withdrawn at appropriate times. Bacterial growth was monitored by measuring the optical density of the culture aliquots at a wavelength of 600 nm (OD 600 ). Bacterial pellets and culture supernatants were obtained by centrifuging culture aliquots at 10000 rpm for 5 min, and used for the other assays described below.
Zymography We performed zymography to observe protease profiles in culture supernatants. 16) Briefly, culture supernatants (20 ml) were electrophoresed on SDS-polyacrylamide gel (7.5%) containing 0.3% Skim milk without denaturation by heating and treating with mercaptoethanol. Gels were incubated in re-naturation buffer containing 2.5% Triton X-100 at room temperature for 1 h in order to remove SDS, and then in developing buffer containing dithiothreitol and CaCl 2 at 4°C overnight. Gels were stained with Coomassie blue.
Reverse Transcriptase Polymerase Chain Reaction (RT-PCR) Total RNA was extracted from bacterial pellets using Easy-Blue TM reagents (iNtRon Biotechnology, Korea). Contaminating DNA was removed by DNase treatment (Qiagen GmbH, Germany). Total RNA (200 ng) was reverse-transcribed and amplified using One-Step RT-PCR Premix (iNtRon Biotechnology) and a thermal cycler (Mastercycler gradient, Eppendorf AG, Germany) under the following conditions: reverse transcription at 45°C for 30 min; pre-denaturation at 94°C for 5 min; 35 amplification cycles (denaturation at 94°C for 30 s; annealing at 59°C for 30 s; extension at 72°C for 30 s); and a final post-extension at 72°C for 5 min. The aprA-specific primer set (5Ј-tactcgctgggcaagttcagcg-3Ј and 5Ј-gtagctcatcaccgaataggcg-3Ј) was used. Amplified product (410 bp) was stained with ethidium bromide.
Measurement of Siderophore Production in Culture Supernatants
The chrome azurol S (CAS) agar diffusion assay was used to measure siderophore production in accordance with the method of Shin et al. 17) In brief, culture supernatants (150 ml) were loaded into wells formed in CAS agar, and incubated at 37°C overnight. The sizes of the yellow-orange haloes formed around the wells indicated the siderophore activities in the culture supernatants.
Measurement of Total Protease Production in Culture Supernatants
Protease production in culture supernatants was determined using the method of Kreger and Lockwood. 18) In brief, culture supernatants were mixed with an equal volume of azocasein solution (5 mg/ml) and incubated at 37°C for 15 min. Protein in the reaction mixtures was precipitated with 3.2% trichloroacetic acid, and the optical densities of supernatants at 450 nm were measured after adding an equal volume of 0.5 N NaOH. Resulting protease activities were calculated as described by Kreger and Lockwood, and results are expressed as the means and standard errors of triplicate experiments. One unit of protease was defined to completely hydrolyze 1 mg of protein in 1 min.
Observations of Proteolytic Cleavage of Transferrins in Culture Supernatants
Ordinary SDS-polyacrylamide gel electrophoresis (PAGE) was used to observe the proteolytic cleavage of transferrin during culture in media containing transferrins. Culture supernatants (20 ml) were mixed with SDS-sample buffer, and mixtures were heated at 100°C for 5 min. Electrophoresis was conducted on 5% stacking and 10% running gels at 100 V for 2 h. Gels were stained with Coomassie blue.
Observation of Iron-Removal from Transferrins in Culture Supernatants Transferrin molecules are separated into four forms, apoferric (AP), N-terminal monoferric (MN), C-terminal monoferric (MC), and diferric (DF), by 6 M urea-PAGE according to their iron-saturated levels. 6 M urea-PAGE was performed to observe iron-acquisition from transferrins during culture as described by Makey and Seal. 19) Culture supernatants were mixed with sample buffer containing 8 M urea, and without heating, electrophoresis was conducted on 5% stacking gel and 10% running gels containing 6 M urea at 100 V for 2 h. Gels were stained with Coomassie blue.
Observation of Iron-Removal from Transferrins in Protease-Free Culture Ultrafiltrates In order to obtain protease-free culture ultrafiltrates, culture supernatants were ultrafiltered using MWCO 10000 membranes (Millipore, Bedford, MA, U.S.A.). Siderophore activities in culture-ultrafiltrates were measured using CAS agar diffusion assays as described above. The same culture-ultrafiltrates were mixed with 0.5 mg/ml HT, allowed to react at 37°C for 1 and 3 h, and then 6 M urea-PAGE was performed as described above.
All the experiments were repeated three times and the results shown are representative of results obtained.
RESULTS AND DISCUSSION
The Expression of P. aeruginosa AprA Begins from the Early Growth Phase The growth of P. aeruginosa KCCM 11321 strain in alkaline mMM9 broth (pH 8.3) is shown in Fig. 1A . In order to observe the profile of proteases produced in this medium, zymography was performed using culture supernatants. On zymograms using Skim milk (Fig. 1B) , only one major protease began to be produced from the early growth phase. Moreover, when we used P. aeruginosa IFO 3080 strain which has been known to produce only AprA, 8) the strain also exhibited the same single proteolytic band as in the KCCM 11321 on the zymogram (data not shown). Accordingly, this protease was thought to be AprA, which was reported to be capable of destroying transferrins. 8) Thus, in order to observe whether the aprA gene was expressed or not during the early growth phase, we performed RT-PCR using the aprA-specific primer set. The aprA gene was found to be expressed at 6 h after culture initiation (Fig. 1C) . These results indicate that AprA is the sole protease produced under this condition and that it is produced from the early growth phase. It is documented that freely available iron is released via the proteolytic cleavage of transferrin by AprA releases. 8) Accordingly, the finding that P. aeruginosa AprA was produced in the early growth phase strongly suggested that the protease can facilitate the siderophore-mediated iron-uptake of P. aeruginosa via the proteolytic cleavage of transferrins.
The Growth of P. aeruginosa is Stimulated in Proportion to the Iron-Saturation Levels of Transferrins We observed the growth of P. aeruginosa in the alkaline mMM9 broth with time according to the iron-saturation levels of transferrins. The growth of P. aeruginosa was found to be stimulated in proportion to the iron-saturation levels of transferrins from 3 h after culture initiation (Fig. 2) . Moreover, the growth of P. aeruginosa was more stimulated in mMM9 broth containing 0.5 mg/ml of PT or HT than in mMM9 broth containing 0.5 mg/ml of AT, but growths were similar in mMM9 broth containing 0.5 mg/ml of PT or HT. The amount of iron included in PT, i.e., 300-600 mg per 1 g of transferrin, was thought to be enough to stimulate the growth of P. aeruginosa, because iron is a trace element. These results are consistent with the results of Xiao and Kisaalita, 6) in which the growth of P. aeruginosa was also found to be stimulated in proportion to the iron-saturation levels of transferrins although no differences were observed in media containing iron-saturated transferrins at over 60%.
Siderophore Production by P. aeruginosa is Inversely Related to the Iron-Saturation Levels of Transferrins
We measured siderophore production by P. aeruginosa in alkaline mMM9 broth with time according to transferrin ironsaturation levels. In the CAS agar diffusion assays, siderophore production by P. aeruginosa began from 3-4 h after culture initiation, and levels of siderophore production were found to be inversely related to the growth levels and the transferrin iron-saturated levels (Fig. 3) . Greatest amounts of siderophores were produced in mMM9 broth containing AT, and smallest amount of siderophores in mMM9 broth containing HT. Siderophore production began earlier in mMM9 broth containing AT than in mMM9 broths containing PT or HT although levels could not be clearly discriminated at 1-4 h after culture initiation due to the low sensitivity of the CAS agar diffusion assay and the ironchelating activity of mMM9 broth itself. It has been well documented that siderophore production is iron-repressible via a repressor (Fur) that controls ferric ion uptake in most bacteria including P. aeruginosa. 6, 20) Our results are also consistent with this well-documented concept. P. aeruginosa is known to produce two siderophores, pyoverdin and pyochelin. However, we did not discriminate the chemical types of siderophores in this study. The bacterium was preconditioned by culture in BHI containing 100 mM dipyridyl overnight, inoculated into the mMM9 broth at 1ϫ10 6 cfu/ml, and then cultured with vigorous shaking at 37°C for 12 h. (A) During culture, culture aliquots were withdrawn at the indicated times. Bacterial growth was monitored by determining the OD 600 values of the culture aliquots. (B) Culture supernatants were obtained by centrifuging culture aliquots at 10000 rpm for 5 min, and 20 ml aliquots were electrophoresed on SDS-PAGE for zymography without denaturation by heating and treating with mercaptoethanol. Gels were stained with Coomassie blue. (C) RNA was extracted from bacterial pellets obtained at 6 h. Two hundred nanograms of the RNA was reverse-transcribed and amplified using the aprA-specific primer set. The amplified product (410 bp; #) was stained with ethidium bromide. L: 100-bp ladder, NPD: nonspecific primer dimers. The bacterium was preconditioned by culture in BHI broth containing 100 mM dipyridyl overnight, inoculated into mMM9 broth containing 0.5 mg/ml of human holotransferrin (HT), partially iron-saturated transferrin (PT) or apotransferrin (AT), at 1ϫ10
AprA Production and the Proteolytic Cleavage of Transferrins Begin from the Early Growth Phase
We measured AprA production by P. aeruginosa in alkaline mMM9 broth with time according to transferrin iron-saturation levels. The AprA production began from 4 h after culture initiation at the same time as siderophore production (Fig. 4) . Considering that P. aeruginosa growth in mMM9 broth containing AT was suppressed compared to that in mMM9 broths containing PT or HT (Fig. 2) , it appeared that a relatively greater amount of protease per cell was produced in mMM9 broth containing AT than in mMM9 broths containing PT or HT. Mean protease units were higher in mMM9 broth containing AT than in mMM9 broths containing PT or HT when protease units were divided by OD 600 values. These results are consistent with the results of Shigematsu et al., in which AprA production by P. aeruginosa was found to be stimulated under iron-limited conditions. 8) We directly observed the proteolytic cleavage of transferrins in the same culture supernatants. The proteolytic cleavage of transferrins was consistent with AprA production and began from 4 h after culture initiation concomitantly with siderophore production (Fig. 5) . Small amounts of transferrins were destroyed by AprA, but large amounts of transferrins remained intact until 12 h after culture initiation. Other researchers have also observed the proteolytic cleavage of transferrins, but only when proteases were produced maximally or by using purified proteases. 8, 9) However, these observations are insufficient to prove the involvement of proteases in facilitating siderophore-mediated iron uptake from transferrins. We considered it more important to observe this process on a time scale during protease production, and thus to determine whether transferrins are destroyed by them. Our results reveal that the proteolytic cleavage of transferrins occurred concomitantly with siderophore production during the exponential growth phase when P. aeruginosa was growing actively and was consuming most iron for growth.
The Proteolytic Cleavage of Transferrin Is Not Essentially Required for the Iron-Acquisition of P. aeruginosa from Transferrins Because one transferrin molecule can bind two iron molecules at its N-and C-terminal portions, transferrin molecules are separated into the four forms; apoferric (AP), N-terminal monoferric (MN), C-terminal monoferric (MC), and diferric (DF), on 6 M urea-gels according to their iron-saturated levels. Accordingly, as shown in Fig. 6 , HT was mainly separated into DF form, PT into DF, MN/MC and AP forms, and AT into MN/MC and AP forms. During culture, these transferrin molecules were increasingly shifted up from DF to MN/MN to AP forms because transferrinbound iron continued to be removed and utilized by P. aerug- Bacterial growths in mMM9 broth containing 0.5 mg/ml of human holotransferrin (HT), partially iron-saturated transferrin (PT) or apotransferrin (AT) are shown in Fig. 2 . Culture supernatants were obtained at the indicated times by centrifuging culture aliquots at 10000 rpm for 5 min, and 150 ml aliquots were loaded into wells formed in CAS agars and incubated at 37°C overnight. The sizes of orange haloes indicated the siderophore activities in the culture supernatants. Bacterial growths in mMM9 broth containing 0.5 mg/ml of human holotransferrin (HT), partially iron-saturated transferrin (PT) or apotransferrin (AT) are shown in Fig.  2 . Culture supernatants were obtained at the indicated times by centrifuging culture aliquots at 10000 rpm for 5 min. Proteolytic activities in culture supernatants were measured by using azocasein, and are expressed as the means and standard errors of experiments performed in triplicate. In order to compare protease production on the basis of bacterial growth, proteolytic activities were divided by OD 600 values (Fig. 2) . inosa. This iron-removal from transferrins was consistent with siderophore production (Fig. 3) . The effect of pH change on iron-removal from transferrins was ruled out because the pHs in all culture supernatants were 8.0 over (data not shown). In particular, the finding that P. aeruginosa was able to remove iron from intact transferrin molecules (Fig. 6 ) which remained undestroyed until 12 h after culture initiation (Fig. 5) indicated that the proteolytic cleavage of transferrin molecules by AprA was not essentially required for the siderophore-mediated iron-uptake of P. aeruginosa from transferrins. To confirm this finding, we obtained culture supernatants at 0, 3, 6, 9 and 12 h during culture (Fig. 1A) and removed AprA from the culture supernatants by ultrafiltration (MWCO 10000). These ultrafiltrates exhibited siderophore activities (Fig. 7A) but not proteolytic activities (data not shown). The ultrafiltrates were incubated with HT for 60 and 180 min (Figs. 7B, C) and then the mixtures were electrophoresed on 6 M urea-gel. The ultrafiltrates alone were able to remove iron from HT and thus to shift up from DF form to MN/MC forms. The iron-removal from HT by the ultrafiltrates was proportional to the amounts of siderophores and increased by increasing the incubation time from 60 to 180 min. Overall, our results indicate that siderophore production alone is able to remove iron from transferrins and that the proteolytic cleavage of transferrins by P. aeruginosa proteases is not essentially required for iron uptake from transferrins. Our results are supported by other previous reports. Shigematsu et al. reported that an AprA-deficient mutant was also able to utilize iron, though less efficiently than its wild type strain in a medium containing transferrins. 8) Wolz et al. reported that a LasB-deficient, but not a pyoverdin-deficient strain mutant, could still acquire iron from transferrins.
9) Xiao and Kissalita reported that pyoverdin alone could acquire iron from transferrins. 6) Accordingly to our results, the proteolytic cleavage of transferrins by AprA appears to play only an ancillary role in facilitating the siderophore-mediated iron-uptake and growth of P. aeruginosa. Nevertheless, it appears that the proteolytic cleavage of transferrins can play significant roles in the pathogenesis of P. aeruginosa infections because the role of AprA could be synergistically augmented by preexisting proteases derived from human inflammatory cells in infection sites.
3) Moreover, the proteolytic cleavage of transferrins by these proteases releases free iron, promotes hydroxyl radical formation, and eventually augments endothelial cell injury in P. aeruginosa infected tissues. 3, 7, 21, 22) In conclusion, the evidence provided by this study indicates that P. aeruginosa AprA can cleave transferrins concomitantly with the production of siderophores during the exponential growth phase, and thus that the proteolytic cleavage of transferrins by AprA can help the pathogen overcome iron limitations encountered during human infections, even though it is not essentially required for siderophore-mediated iron uptake from transferrins. Bacterial growths in mMM9 broth containing 0.5 mg/ml of human holotransferrin (HT), partially iron-saturated transferrin (PT) or apotransferrin (AT) are shown in Fig.  2 . Culture supernatants were obtained at the indicated times by centrifuging culture aliquots at 10000 rpm for 5 min. 6 M urea-PAGE was performed using the culture supernatants (20 ml), and gels were stained with Coomassie blue. On the 6 M urea-PAGE, transferrin molecules are separated into four forms, apoferric (AP), N-terminal monoferric (MN), C-terminal monoferric (MC), and diferric (DF), according to their ironsaturation levels. Bacterial growth in mMM9 broth is shown in Fig. 1 . Culture supernatants were obtained at the indicated times by centrifuging culture aliquots at 10000 rpm for 5 min. These were then ultrafiltered using a MWCO 10000 membrane to remove proteases. Protease-free but siderophore-containing ultrafiltrates (A) were mixed with 0.5 mg/ml of holotransferrin, and these mixtures were allowed to react at 37°C for 60 (B) or 180 (C) min. 6 M urea-PAGE was then performed and gels were stained with Coomassie blue.
